The secretion of large heterologous cellulases by Clostridium acetobutylicum was formerly shown to be deleterious. To circumvent this issue, various scaffoldins' modules were grafted at their N termini. Family 3a cellulose binding module combined with an X2 module(s) was found to trigger the secretion of Clostridium cellulolyticum cellulases by the solventogenic bacterium.
The secretion of large heterologous cellulases by Clostridium acetobutylicum was formerly shown to be deleterious. To circumvent this issue, various scaffoldins' modules were grafted at their N termini. Family 3a cellulose binding module combined with an X2 module(s) was found to trigger the secretion of Clostridium cellulolyticum cellulases by the solventogenic bacterium.
Consolidated bioprocessing (CBP) for the production of fuels or chemicals from nonfood biomass is raising increasing interest. The use of a single organism for achieving simultaneous biomass degradation and fermentation should indeed be less expensive than using an enzyme producer for saccharification and an alcohol producer to ferment the released monosaccharides. To achieve cost-effective CBP, our group planned to engineer a strain of Clostridium acetobutylicum secreting a heterologous hybrid minicellulosome containing the most efficient cellulosomal cellulases of Clostridium cellulolyticum bound to a hybrid scaffoldin (1, 2) . C. acetobutylicum can metabolize the major mono-and oligosaccharides released during biomass saccharification (17) and secretes xylan-degrading enzymes (6, 7) and a cellulosome which was found to be inactive toward crystalline cellulose (13, 16) . This bacterium also produces significant amounts of butanol, acetone, and ethanol (12) .
We previously obtained recombinant strains secreting two miniscaffoldins (14) and a two-component minicellulosome composed of a mannanase and a miniscaffoldin (11) . Recently, secretion of minor 40-to 50-kDa endoglucanases (Cel5A, Cel8C, and Cel9M) (10) from C. cellulolyticum was achieved. Nevertheless, the heterologous secretion of the major processive cellulases Cel48F (15) and Cel9E (5) and the key endoglucanase Cel9G (4) was found to be deleterious (10) .
In the present study, we identified carrier domains and combinations thereof that trigger secretion by C. acetobutylicum of the deleterious cellulases Cel48F and Cel9G, known to generate in vitro the hybrid cellulosome that is most active on crystalline cellulose (1, 3) .
Identification of carrier domains inducing secretion of heterologous family 48 cellulase in C. acetobutylicum. The N-terminal family 3a cellulose binding module (CBM3a) and the first X2 and cohesin modules of the scaffoldin CipC, which are secreted by C. acetobutylicum, were grafted to the catalytic module of Cel48F (Fig. 1) . The corresponding chimeric gene was constructed (see Materials and Methods and Table S1 in the supplemental material for primer sequences) and cloned into the vector pSOS952. The resulting plasmid, pSOS952-3a-Xc-Co-48F, was used to transform C. acetobutylicum ATCC 824, as previously described (8, 14) . One recombinant clone was grown in liquid 2YT-cellobiose medium (11) until late exponential phase (optical density at 620 nm [OD 620 ] of Ϸ3.0). The cells were then harvested, and the culture supernatant was concentrated 100-fold by ultrafiltration. Alternatively, the supernatant was incubated with 40 mg of Avicel to specifically concentrate the proteins exhibiting an affinity for cellulose. Bound proteins were eluted by mixing the cellulose pellet with 50 to 100 l of SDS-PAGE loading buffer, 10 min of boiling, and centrifugation. Both fractions were analyzed by SDS-PAGE, followed by Western blot analysis with an antiserum against Cel48F. The concentrated supernatant ( Fig. 2A) of the recombinant strain was found to contain the chimeric cellulase. The fusion protein was also present in the cellulose-adsorbed fraction, thus indicating that CBM3a located at the N terminus is functional. Estimation of the secretion yield was performed by measuring the activity of the supernatant on amorphous cellulose and provided a value of 0.3 Ϯ 0.1 mg/liter (based on specific activity of the same enzyme purified from an Escherichia coli overproducing strain (9)).
New genes, encoding 3a-Xc-48F, 3a-Xc-48F-do, and Xc-48F-do (with the leader peptide of CipC) (Fig. 1) , were then engineered. After transformation, one or two clones per construct were grown in 10 ml of 2YT-cellobiose medium. Western blot analyses using anti-Cel48F antiserum (Fig. 2B) indicated the various fusion proteins are detectable in the cellular fractions and in the concentrated supernatants except in the case of the clones producing Xc-48F-do. The concentrated supernatants were also analyzed using the biotinylated miniscaffoldin miniCipC1, which contains a C. cellulolyticum cohesin as a probe (10) . The miniscaffoldin failed to label any protein in the supernatant of the strain producing 3a-Xc-48F (Fig. 2C) , whereas the 3a-Xc-48F-do fusion was detected in the supernatants of both tested clones. Activity on amorphous cellulose detected in the supernatant indicated a concentration of 3a-Xc-48F-do (clone 1) at 0.5 Ϯ 0.08 mg/liter.
Fusion of carrier modules to Cel9G from C. cellulolyticum. The heterologous secretion of Cel9G (4) by C. acetobutylicum induced a deleterious effect similar to that with Cel48F (10) on the solventogenic host. The combination of the CBM3a and Xc modules (downstream of the CipC native leader peptide) was grafted to Cel9G to validate the "carrier effect" of these modules on another enzyme (see Materials and Methods in the supplemental material). After transformation, one clone was grown in 10 ml of 2YT-cellobiose medium. At the late exponential phase, the cellular fraction and the supernatant were prepared for SDS-PAGE followed by Western blot analysis as described above, using an antiserum against Cel9G. The fusion protein (Fig. 3) was detected mostly in the concentrated supernatant, thus confirming that this combination of carrier domains also promotes the secretion of Cel9G.
The Xc module was also removed in the fusion containing Cel9G (Fig. 1 ), but electrotransformation of C. acetobutylicum with pSOS952-3a-9G failed to generate any colony, indicating that deletion of Xc restored the deleterious effect on the solventogenic host.
The X2 module from C. cellulolyticum (Xc) in the combination of carrier domains was also replaced by one or two homologous modules (Xa) from the scaffoldin CipA of C. acetobutylicum (Fig. 1) . After electrotransformation with the corresponding vectors, recombinant colonies were obtained and grown in 10 ml of 2YT-cellobiose medium. Western blot analyses were performed as described above and both chimeric cellulases were detected in the cells and in the concentrated supernatant (data not shown).
For accurate determination of their secretion yield, batch fermentations at pH 5.5 were performed in 2YT-cellobiose medium as described earlier (11) for the strains producing 3a-Xc-9G, 3a-Xa-9G, and 3a-Xa-XaЈ-9G. The cultures were stopped at an OD 620 of 3, and 10-ml aliquots of culture supernatants were incubated with Avicel. SDS-PAGE analysis of the cellulose-adsorbed proteins (Fig. 4) indicated that the replace- 
